Electron backscatter diffraction (EBSD) in the scanning electron microscope is routinely used for microstructural characterisation of polycrystalline materials. Maps of EBSD data are typically acquired at high stage tilt and slow scan speed, leading to tilt and drift distortions that obscure or distort features in the final microstructure map. In this paper, we describe TrueEBSD, an automatic postprocessing procedure for distortion correction with pixel-scale precision. Intermediate images are used to separate tilt and drift distortion components and fit each to a physically-informed distortion model. We demonstrate TrueEBSD on three case studies (titanium, zirconium and hydride containing Zr), where distortion removal has enabled characterisation of otherwise inaccessible microstructural features.
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Introduction
Electron backscatter diffraction (EBSD) is a useful scanning electron microscope (SEM) based microstructural characterisation technique. Using EBSD, we can map phases and crystal orientations with high spatial and angular resolution, and the data acquisition process can be highly automated. EBSD is typically performed at high stage tilt angle as diffracted electron signal is maximised when electrons hit a sample at glancing incidence [1] . However, spatial distortions in the SEM become pronounced at high stage tilt angles, and lead to both morphology and orientation errors in EBSD maps [2, 3] .
Morphological and orientation distortions become problematic in correlative microscopy e.g. slip trace analysis using SEM-based digital image correlation (DIC) and EBSD, where EBSD grain orientations are required to identify the slip plane trace in as a crystal direction. In Reference [4] , EBSD distortions prevented 'traditional' grain-to-grain DIC slip trace analysis, as grain boundaries could not be accurately overlaid onto DIC strain maps.
In addition to tilt distortions, EBSD mapping is typically orders of magnitude slower than electron imaging, so mechanical or thermal fluctuations in the SEM lead to sample drift. Gee et al. used a skew distortion to correct for sample drift in long EBSD maps (> 16 hours) [5] , assuming a constant drift velocity. Zhang et al. modelled changing drift velocity with a thin-plate spline model, a physically based interpolation scheme, but their algorithm requires manual selection of control points [6] . Charpagne et al. developed a procedure for aligning multiphase EBSD data with phasecontrast images without manual selection of control points [7] . Their distortion model used highorder polynomial functions that are not physically meaningful, but the final distortion function shows pixel-scale accuracy at phase boundaries.
Method
We have developed TrueEBSD which is a software postprocessing method to correct distortions in EBSD maps. No SEM hardware modifications are necessary, and the correction procedure can be run offline. TrueEBSD measures and corrects EBSD map distortion by registering microstructural features to a reference ('true') image that does not contain these distortions. This method is designed to work for polycrystalline materials, as grain boundaries (and features associated with them) are used to create a control-point free spatial correction.
For EBSD mapping, the distortion field is usually a composite of several physical phenomena and TrueEBSD uses intermediate images to enable separate measurement of each distortion type. The distortions are combined to produce the final distortion field between the reference image and EBSD map. The distortion field can be used to map the spatial coordinates of each EBSD pattern, and their associated data (e.g. phase assignment or crystal orientation), into the reference image mapping frame.
Several image registration techniques for aligning electron micrographs have been reported in the literature [6] [7] [8] [9] [10] . For TrueEBSD, we have optimised our method to correlate the EBSD data to the reference image grid and map the distortion field by fitting a model to a grid of local displacements. This grid is measured by image registration of rigid sub-regions. In conventional image registration using methods such as cross-correlation, matching features must have similar contrast/intensities. In the prior work, as image intensities are not preserved between SEM imaging modes images need to be appropriately filtered to achieve similar contrast modes, e.g. a Canny edge filter is used in Reference [9] to highlight crystal boundaries and topography features; alternatively, a multimodal image registration method can be used, such as maximising mutual information in a joint image histogram used in Reference [8] , which is insensitive to absolute image intensities.
We present the TrueEBSD algorithm in steps as needed to map the EBSD map onto the reference data, which we take as ground truth. In most cases, we use a backscatter electron (BSE) micrograph as the ground truth, but we also show that an optical micrograph can be used. Within the SEM, the reference image can be an electron image taken at low sample tilt angle. Depending on the image spatial accuracy required, spatial distortions inherent to SEM imaging could be measured and corrected using a standard calibration grid, and for example a distortion correction procedure developed for SEM-based DIC strain measurements is described in Reference [11] . Note that the spatial accuracy requirement for pixel-based correlative microscopy applications is lower than for SEM-DIC strain measurement, because strain is calculated from derivatives of the displacement field.
Algorithm inputs
Optical micrographs showing grain contrast, such as of etched grain structures, or polarised light images of non-cubic crystals, are also suitable. Optical micrographs captured using parallel illumination can be advantageous to avoid distortions inherent to the rolling shutter used in SEM. SEM image drift can theoretically be corrected by compositing images acquired with different fastscan directions [12] , but the distortion is usually small compared to EBSD map features.
The only requirement for the reference and intermediate images is to contain features which form a path linking the reference image to the EBSD map data. Care should be taken to maintain consistent fields of view and known scaling between nominal pixel sizes of all images. An intermediate image taken with the SEM stage tilted to EBSD configuration separates tilt from drift distortions. Figure 1 shows a reference image, intermediate images, and EBSD map used for TrueEBSD, along with the types of distortion that link these images. The reference image is a backscattered electron image acquired at 0° stage tilt, with contrast optimised to show changes in crystal phase and orientation.
The two intermediate images are forescatter electron (FSE) images, acquired here using Bruker ARGUS forescatter imaging diodes [13] mounted to the bottom of the EBSD detector. FSE images can be acquired with the EBSD detector fully inserted ('near-field FSE') or partially retracted ('far-field FSE'). The far-field FSE image has strong electron channelling contrast [14, 15] , whereas the nearfield FSE image has weaker electron channelling contrast and more topography contrast.
The stage is tilted, typically by 70°, between reference BSE image and far-field FSE image acquisition, so distortion between these images is because of stage movement. The SEM stage and EBSD detector do not move between near-field FSE and EBSD map acquisition, so distortion between the two is only from SEM drift, since the dwell time per image pixel increases from a few microseconds to several milliseconds [6, 10] . EBSD detector insertion into the SEM chamber changes the magnetic field in the SEM chamber, deflecting the electron beam slightly between the far-field and near-field FSE images.
Distortion models 2.2.1 EBSD detector insertion: affine transform (scale, rotation, translation, shear)
( 1 1 1 2 2 2 ) ( 1 ) = ( ′ ′ ) Transformation Matrix X, Y scale ( 0 0 0 0 ) Rotation ( cos sin 0 −sin cos 0 ) Translation ( 1 0 0 1 ) Shear ( 1 0 1 0 )
Equation 1: The affine transformation matrix, and decomposition into individual transformations
To map the EBSD data back into the ground truth, we must distort the spatial grid of the EBSD data.
To do this, we apply a series of transformations including the affine transformation [15] , which has translation, scaling, rotation and shear degrees of freedom (Equation 1).
To create our mapping function, we need to link the different captured frames together. Between near field and far field backscatter images, our first correction is a translation as this dominates for EBSD detector insertion. Next, we can consider how to best map the tilted images back onto the flat backscatter images. Here the projective transformation describes tilt distortions in SEM imaging.
Sample tilt: projective transform
There will be other distortions, and a detailed description of SEM tilt distortions can be found in Reference [2] .To encompass these higher order distortions, we can relax our transformation from an affine (Equation 1) to a projective (Equation 2) transform and include keystone distortions ('trapezoidal distortions' in [2] ), distorting a square into a trapezium (Equation 2). We have found that keystone distortions are significant for low magnification EBSD, where large beam deflection and high sample tilt angles are required. At higher magnification, the beam deflection angle is small and affine distortions ('rhomboidal distortions' in [2] ) are dominant.
Once the 70° stage tilt is accounted for, there are smaller affine tilt distortions which are magnification independent. These smaller distortions result from misalignments between the sample surface, beam scan direction, and SEM stage tilt axis
The two extra degrees of freedom in a projective transformation can decrease the accuracy of the fitted transform. Therefore, the tilt distortion is measured in two steps: first we estimate a projective transformation, then fit any residual distortions to an affine transform.
Small (< 2-3 pixel) systematic distortions can remain after these two fitting steps. These might be accumulated from residuals in the projective and affine fits, or from other systematic instrument errors. For example, dynamic focussing improves image focussing at low magnification and high sample tilt, but dynamic focussing can also rotate the beam scan direction over the image field of view. An example of this is shown in Figure 3 of Reference [2] . As a result, parallel lines in the beam fast-scan direction of an SEM image may not be parallel on the sample surface. We remove these distortions with a (small) correction using a 2D quadratic fit (Equation 3).
Sample drift: linear spline with rigid rows
Drift distortions are mapped between the near-field FSE image coordinate frame and EBSD orientation map.
In practice, we correlate the far-field FSE image intensities mapped into the near-field FSE coordinate frame. Stronger electron channelling contrast in the far-field FSE image is better for correlation with EBSD maps, and we exploit the fact that the displacement field between the two FSE images is predictable and can be precisely determined (Section 2.2.1).
We fit the drift distortion to a linear spline in the beam slow-scan direction (rows in our data), and rigid in the beam fast-scan direction. Horizontal and vertical drift components are independent.
This method is slightly different to that previously employed by Zhang et al. [6] , who used a thinplate spline model to fit an EBSD map to a reference electron channelling contrast image at 0° tilt, as the thin plate spline is a physically realistic model for SEM drift and includes an affine transformation as a special case. Their technique used manual control point selection, allowing registration near edges of the field of view, but control point selection is time consuming, and optimal control point density depends on local distortion extent and microstructural feature size.
In contrast, TrueEBSD measures local displacements by image registration of sub-windows (i.e. a DIC type method). Large sub-windows containing more contrast features enables robust image registration, with the drawback that displacements are not accessible near the image edges. Furthermore, fitting to linear splines avoids 'flyaway' extrapolation (at the edges of the frame. We have found that a linear spline is sufficient for pixel-precise registration of the EBSD map to the reference image. After combining the displacement fields, the nominally un-distorted EBSD map can still have small, systematic displacements relative to the reference image, which we do not have a physical explanation for. These are likely related to stray fields in the microscope room or other systematic drift issues. We empirically correct this using a 2D quadratic fit (Equation 3) to the measured shifts, weighted by the image registration quality.
Instrument distortions
Results
Versatility and robustness of the TrueEBSD method is demonstrated on three datasets: 1) eliminating seam artefacts when combining EBSD maps of a Ti-6Al-4V macrozone; 2) correlating lowmagnification EBSD with polarised optical microscopy to identify hydride-forming grain boundaries in Zircaloy-4. 3) Measuring lattice rotations from constrained slip in commercially pure zirconium; EBSD mapping at high spatial resolution over large fields of view can be required to adequately characterise heterogeneous microstructures. One solution is to combine electron beam scanning based EBSD maps acquired with stage scanning, but seam artefacts from tilt and drift distortions are often visible between adjacent maps.
EBSD map stitching in Ti-6Al-4V
Distortion correction using TrueEBSD can remove the spatial component of these seam artefacts. Figure 2 shows the microstructure of a titanium alloy Ti-6Al-4V containing a macrozone, visible as a horizontal band of red grains near the top of Figure 2 (d) spanning the field of view and they often extend several hundreds of micrometres. Macrozones are detrimental to the fatigue performance of Ti alloys and can be qualitatively characterised by EBSD [30] [31] [32] [33] . Macrozone characterisation is a potential application of EBSD maps stitching as macrozones are much larger than the surrounding grains, but also contain grain-scale heterogeneity. Furthermore, when acquiring this dataset, TrueEBSD was also used to diagnose a mis calibrated scan card in the Bruker EBSD system.
The reference image is shown in Figure 2 (a): a backscattered electron (BSE) image of Ti-6Al-4V collected at 0° stage tilt in a Quanta 650 field emission SEM [28] . Bright beta phase grains/lamella decorate equiaxed alpha grain boundaries. Figure 2 (b) and (c) show far-field and near-field FSE images respectively, collected at 70° tilt. Figure 2 (d) shows an as-acquired EBSD map overlaid on the BSE image. The distortion between the EBSD map and the reference BSE image can be seen from beta grains/lamella in the BSE image, which do not overlay onto grain boundaries in the EBSD map. Figure 2 (e) shows the same overlay after distortion correction using TrueEBSD. In addition to tilt and drift distortions, the EBSD map was artificially stretched due to miscalibration of the scan card which controls the electron beam during EBSD and FSE imaging. The aim of this case study was to identify favourable sites for intergranular hydride precipitation in coarse-grained Zr, and results from this have been published in Reference [34] . The coarse microstructure means that the required field of view spans around 4 mm × 3mm.
Correlating polarised light microscopy with low magnification EBSD to locate hydrides in Zr
The reference image in Figure 3 (a) shows a hydrided Zr microstructure stitched from 32 stitched polarised light micrographs (collected using using Olympus Stream). In this zirconium alloy sample which contains hydrides, the dark hydrides precipitate at grain boundaries, and colour contrast in the Zr grains correlates with the crystal <c> axis. The seams show colour changes from uneven illumination, but there are no spatial artefacts in this optical stitch. Figure 3 (b) shows the EBSD map of this region overlaid onto Figure 3 (a). In this EBSD map, Zr grains could be identified, but hydrided and unhydrided boundaries could not be reliably distinguished. The distortion is visible where grain boundaries in the optical image and EBSD map do not overlap. Figure 3 (c) shows the distortioncorrected EBSD map overlaid onto the reference polarised light micrograph, enabling hydrided and unhydrided grain boundaries to be easily distinguished and this enabled correlation with the EBSD derived orientation data (the correlations are presented in Reference [34] ). In-situ mechanical testing is popular to understand the evolution of plastic deformation, and EBSD measurements can help us understand signatures of plastic deformation. In particular, it is likely that changes in lattice orientation are correlated with the slip activity. Residual dislocations lead to shortrange lattice curvature which can be measured using cross-correlation based and conventional EBSD [16] [17] [18] [19] [20] , whereas long range lattice rotations are related to the degree of constrained plasticity [21] [22] [23] . Shi et al. have used quaternion image correlation combined with elastic regularisation within grains to map local plastic strain and lattice rotations in 20 % deformed Ni [24] .
Measuring lattice rotation changes from an in-situ deformation experiment in CP-Zr
To aid understanding of these lattice rotations, we have used TrueEBSD to register microstructure maps before and after deformation into the same (undeformed) coordinate frame. This enables misorientation mapping with respect to the undeformed crystal orientations, and the relative contributions of macroscopic deformation and heterogeneous intergranular strain can also be assessed.
Tensile specimens suitable for a Deben MTestE2000 in-situ tensile stage [25] were machined and polished from commercially pure zirconium (CP-Zr) sheet. The final surface was polished in a Gatan PECS II argon broad ion beam polisher [26] following the method in Reference [27] . The sample was mounted onto 70° pre-tilted grips in a Quanta 650 field emission SEM [28] and loaded in tension to 1024 N, then unloaded. The gauge length measured after unloading showed 12% extension.
EBSD mapping was performed immediately before and after deformation using Bruker Esprit 2.1 software and e-FlashHD detector [29] . Figure 4 (a) shows the near-field FSE image just before loading and Figure 4 (b) shows the same region after unloading. Surface topography in Figure 4 (b) is from grain-scale plastic rotation during deformation.
All microstructures were spatially registered to the undeformed far-field FSE image in Figure 4 (c) using TrueEBSD. Figure 4 (d) shows the drift corrected EBSD map before deformation, and Figure 4 (e) after deformation. Map colours represent inverse pole figure directions along the tensile direction (horizontal). Since the specimen was mounted on a pre-tilted sample holder, 0° tilt SEM images could not be obtained. 
Discussion
The TrueEBSD algorithm removes spatial distortions in EBSD maps by registration to a reference image with pixel-scale precision. The measured distortion is fitted to physically relevant distortion models using intermediate images to enable distortions to be measured separately then combined. We demonstrate good overlap of the EBSD maps to the reference data.
TrueEBSD is robust to relatively high levels of image noise shown in the case studies. Images with high electron channelling contrast are ideal for registration to EBSD data, but our examples show that the algorithm works even with the titanium and zirconium alloys used. These alloys do not typically have strong electron channelling contrast compared to many structural metals, and surface topography from in-situ deformation and/or sample preparation were unavoidable.
Beyond distortion correction: other applications of TrueEBSD
The origins of EBSD spatial distortion need not be limited to microscope artefacts. For the case study in Section Figure 4 , TrueEBSD is first used to remove EBSD drift distortion artefacts, and then extended to quantify microstructural distortions from sample deformation: the macroscopic strain (black rectangle in Figure 4 (e)) from scaling factors in the affine transform (Equation 1), lattice rotations from partially constrained slip (Figure 4 (f)), and heterogeneously deformed regions identified from residual displacements after fitting to homogeneous models (white regions along grain boundaries in Figure 4 (f)). SEM drift rate can be plotted directly from drift-correction part of TrueEBSD output. This enables assessment of SEM stage or EBSD detector stability. Drift displacements for four EBSD maps of different durations are shown in Figure 5 . All samples were well-grounded metallic samples to eliminate drift from sample charging. Datasets (a), (b) and (c) were acquired in a FEI Quanta field emission SEM [28] , and (d) in a Zeiss Auriga field emission SEM [35] . The drift rates vary strongly between datasets and do not follow a predictable form, but the measurements are consistent with results from Reference [6] reporting velocities between 0.3 and 3 nm/s in the principle drift direction. In Figure 5 (d), there is 3 µm drift displacement in less than 10 minutes between near-field FSE imaging and starting EBSD map acquisition. Qualitative inspection of grain positions in the EBSD map and FSE image confirms that this is real, but a much higher drift rate than expected.
Limitations
Although TrueEBSD can correct spatial distortions in EBSD maps, high SEM tilt distorts not only spatial features but also the measured orientations, and TrueEBSD does not correct for this. The origins of tilt-related orientation distortion and a method to measure and correct this is described in Reference [2] . Orientation distortion is not usually significant for low angular resolution EBSD applications such as texture analysis, or applications which do not need absolute orientation information, such as EBSD for grain identification or grain boundary analysis.
Another limitation of TrueEBSD is that it does not consider EBSD map artefacts from spatial resolution or poor indexing. This could apply especially to nanocrystalline materials, low density and/or atomic number phases [36] , beam sensitive materials, highly deformed structures, multiphase materials, and phases susceptible to orientation pseudosymmetry. The performance of TrueEBSD in the presence of significant EBSD artefacts has not been assessed. This does not rule out TrueEBSD as a useful tool, but that it may not work as a 'black box'. These artefacts could influence e.g. best sub-window size for image registration, or relative weights of measurement points when fitting a distortion model. For EBSD maps with unusable orientations, e.g. maps containing unknown phases, EBSD pattern quality could be substituted as the TrueEBSD input, as pattern quality does not depend on a correct indexing solution.
Conclusions
TrueEBSD is a software method to remove spatial distortions in an EBSD map with pixel-scale precision. It fits EBSD map features to a reference image using physically informed distortion models, using intermediate images to separate out and measure individual distortion components between the EBSD map and reference image. TrueEBSD can be used with most polycrystalline microstructures suitable for EBSD mapping and SEM imaging. The image registration process is fully automatic, which saves time and eliminates potential for operator mistakes or bias. The correction can be performed offline and the technique can be used on a standard SEM fitted with an EBSD detector and imaging detectors appropriate for a sample.
We have demonstrated this technique on three case studies: mapping plastic strains and lattice rotations from deformation in Zr, elimination of seam artefacts for large area EBSD characterisation, and identifying hydrided and unhydrided grain boundary types in coarse-grained Zr.
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